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Hypoxia is a key driver of tumor adaptation promoting tumor progression and resistance
to therapy. Hypoxia related pathways might represent attractive targets for the treatment
of Glioblastoma Multiforme (GBM), that up to date is characterized by a poor prognosis.
Primary aim of this study was to investigate the role of hypoxia and hypoxia-related
modifications in the effect of temozolomide (TMZ) given alone or in association with
the antidiabetic agent Metformin (MET) or the PI3K/mTOR blocker, BEZ235. The study
was conducted in the TMZ responsive U251 and resistant T98 GBM cells. Our results
showed that during hypoxia, TMZ plus MET reduced viability of U251 cells affecting
also CD133 and CD90 expressing cells. This effect was associated with a reduction of
HIF-1α activity, VEGF release and AKT activation. In T98 TMZ-resistant cells, TMZ plus
MET exerted similar effects on HIF-1α. However, in this cell line, TMZ plus MET failed to
reduce CD133 positive cells and AKT phosphorylation. Nevertheless, the administration
of the dual PI3K/mTOR inhibitor BEZ235 potentiated the effect of TMZ plus MET on
cell viability, inducing a pro-apoptotic phenotype during hypoxic condition also in T98
cells, suggesting the block of the PI3K/AKT/mTOR pathway as a complementary target
to further overcome GBM resistance during hypoxia. In conclusion, we proposed TMZ
plus MET as suitable treatment to revert TMZ-resistance also during hypoxia, an effect
potentiated by the inhibition of PI3K/mTOR axis.
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INTRODUCTION
In Glioblastoma Multiforme (GBM), the “international gold standard” therapy includes surgery,
radiotherapy, and chemotherapy with Temozolomide (TMZ) (1), but the prognosis remains poor.
The glycolytic switch and hypoxia-induced factors influence tumor progression and resistance to
therapy (2, 3). Indeed, hypoxia and hypoxia-related factors are associated with pseudopalisading
necrotic regions that protect stem cells niche, contributing to the aggressive profile of these tumors
(3, 4). Hypoxia effect on tumor malignancy involves hypoxia-inducible factors (5), stem population
(6), negative modulation of apoptotic axis (7) and molecular pathways related to regulation of cell
metabolism including PI3K/AKT/mTOR pathway (8).
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Metformin (MET), a modulator of cell metabolism acting on
5′ adenosine monophosphate-activated protein kinase (AMPK)
and mitochondrial respiration, potentiates the activity of TMZ
in glioblastoma models (9, 10). Despite the various hypothesis
suggested including ours (11–13), the precise mechanism of
action of MET remains elusive particularly regarding its activity
under hypoxic condition.
As previously stated, hypoxia influences metabolic
pathway related to the control of cell metabolism including
PI3K/AKT/mTOR favoring tumor proliferation and resistance
(14). However, PI3K/AKT signaling is activated by loss of
function mutations or reductions of mitochondrial PTEN (15), a
molecular feature common in GBM (more than 40%). For this
reason, in presence of activating mutations, PI3K/AKT/mTOR
pathway influences GBM cell growth also during normoxic
conditions. Indeed, administration of the dual PI3K and mTOR
inhibitor, BEZ235, is able to reduce GBM chemoresistance,
leading G1 cell cycle arrest and downregulation of vascular
endothelial growth factor (VEGF) (16–18).
For the reasons above, in this study we initially investigated
the role of hypoxia and hypoxia-related modifications on the
effect of Temozolomide given alone or in association with drug
targeting cell metabolism such as Metformin.
In detail, we tested the role of hypoxia on the add-on effect of
MET on TMZ (COMBO), on cell viability, HIF-1α activity, AKT
phosphorylation and VEGF release. The study was conducted in
two different GBM cell lines, i.e., the TMZ-responsive U251 and
the -resistant T98, both carrying mutation in PTEN, previously
evaluated under normoxic condition. Subsequently, in order to
test the specific role of PI3K/AKT/mTOR pathway, the effect of
COMBO was evaluated also in presence of the dual PI3K/mTOR
inhibitor BEZ235.
MATERIALS AND METHODS
Cell Culture and Reagents
U251-HRE and T98 human glioma cells (both TP53 and PTEN
mutated) were routinely maintained in RPMI supplemented
with 10% heat-inactivated fetal bovine serum, penicillin, and
streptomycin (50 IU/ml), 2mM glutamine (Euroclone, UK),
25mMHepes Buffer. Cells have been maintained in a humidified
atmosphere of 5% of CO2 at 37
◦C. To perform hypoxia
experiments, both cell lines were seeded at 10,000 cells/cm2
and incubated in a “Hypoxic Chamber” containing 1% O2 gas
mixture with or without 25µM TMZ (dissolved in 90% PBS
and 10% Dimethyl sulfoxide, DMSO), 10mMMET (dissolved in
100% PBS) (both Sigma- Aldrich, St. Louis, MO, USA) for 24,
48, and 72 h for cell viability and for 48 h for all other tests and
1µMBEZ235 (dissolved in 100% DMSO) for 48 h (SelleckChem,
Houston, TX, USA). Treatment with TMZ plus Met was defined
as COMBO. Cell viability was evaluated using the Trypan blue
exclusion test.
HIF-1α Transcription Activation Assay
Nuclear extracts were prepared by using Nuclear Extract Kit
from Vincibiochem (#40010 - Activemotif, CA, USA) according
to the manufacturer’s instructions. The transcriptional activity
TABLE 1 | Primers used for Real-time PCR.
Gene Forward Reverse
β-actin TCAAGATCATTGCTCCTCCTG CCAGAGGCGTACAGGGATAG
Bax ATG GAC GGG TCC GGG GAG ATCCAGCCCAACAGCCGC
Bad CCCAGAGTTTGAGCCGAGTG CCCATCCCTTCGTCGTCCT
Bcl-2 GATTGTGGCCTTCTTTGAG CAAACTGAGCAGAGTCTTC
of HIF-1α was assayed by an ELISA-based kit [#47096-
TransAM Kit, Vinci-Biochem, Vinci (FI), Italy] according to the
manufacturer’s instructions. Nuclear extract samples were added
to the coated plate and analyzed with GloMax-Multi Detection
System (Promega,Milan, Italy). Data are expressed asHIF-1alpha
activity (ABS OD 450 nm).
The evaluation of HIF-1 target gene was performed by
measuring the concentration of VEGF in glioma cell-conditioned
medium quantified using an ELISA kit (VEGF Human ELISA
KitNovex R©, Cat. No. KHG011, Life Technologies, Monza, Italy)
in accordance with themanufacturer’s protocol. Themediumwas
collected under normoxic and hypoxic conditions. The data are
expressed in pg/mL.
RNA Extraction and Real-Time PCR
RNA was extracted using the commercially available
illustraRNAspin Mini Isolation Kit (GE Healthcare, Italy),
according to manufacturer’s instructions. Total RNA was
reverse-transcribed to cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, USA). Real-time
PCR was performed in duplicate for each data point, and the
oligonucleotides used were as in Table 1. Changes in the target
mRNA relative to housekeeping (β-actin) were determined with
the ddct Method.
FACS Analysis
One hundred thousand cells were washed in PBS and incubated
with 0.5 µg of: CD90-FITC, human (clone: DG3)-FITC, human
130-095-403; Monoclonal CD133/2 (293C3)-FITC, human 130-
090-853; CD44-FITC, mouse (clone: IM7.8.1) 130-102-511;
CD73-PE, human (clone: AD2)-FITC, human 130-095-182
(MiltenyiBiotec). Viable cells were gated by forward and side
scatters and analyzed on 100,000 acquired events for each sample
(PartecCyFlow Space using the PartecFloMax R© software).
Bioluminescent Assay
For cell transfection, the glioma cell lines were seeded at
10,000 cells/cm2 and transfected with pHRE-luciferase plasmid
(kindly provided by Dr. G. Melillo, National Cancer Institute,
Frederick, MD, USA) that expresses the luciferase reporter gene
under the control of three copies of the Hypoxia-Response
Element (HRE) sequence (pGL2Tk-HRE) (19). The cells were
analyzed using the GloMax-Multi Detection System (Promega,
Milan, Italy). Protein content was measured by means of a
Bradford assay, and the bioluminescence signal was normalized
to milligrams of protein and expressed as relative luminescence
units (RLU = luciferase counts per milligram of proteins).
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The cells were also tested for Caspase-3 activity by Caspase-
Glo R© Assay (Promega). Briefly, 10,000 cells/cm2 were treated, as
previously described, and the relative luminescence units at the
end of the treatment was detected using a plate reader (Glomax)
and after protein normalization, data were expressed as RLU
(Relative Luminescence units).
ELISA AKT
Ten thousand cells/cm2 were treated as previously described
and, at the end of the treatments, U251 and T98 cell pellets
were lysed for 30min. After protein quantification, lysates were
used to assess pAKT [pS473]. A monoclonal antibody specific
for AKT has been coated onto the wells of the microtiter strips
provided (AKT [pS473] Phospho-ELISA Kit, HumanCatalog
number: KHO0111 ThermoFisher). The absorbance was read at
450 nm and after plot on graph paper data were expressed as units
of pAKT/ml.
Statistical Analysis
in vitro experiments were repeated three times, giving
reproducible results. Data are presented as mean values ±
standard deviation (SD) of three independent experiments.
For statistical analysis t-test or one- or two-way analysis of
variance (ANOVA), followed by Dunnett’s or Bonferroni’s
multiple comparison tests, were performed using Prism 4
(GraphPadSoftwareInc., CA, USA).
RESULTS
COMBO Reduces the Hypoxia-Dependent
Increase of Cell Viability and HIF-1α
Activation, Also in T98 Cells
As we have previously shown in a dose-response assay (12),
25µMTMZ is the correct dose to distinguish the drug sensitivity
of U251 and T98 cell lines. Here, we evaluated the effect of 25µM
TMZ and 10mM MET in combination (COMBO) on HIF-1α
transcriptional factor in the two cell lines both in normoxia
and in hypoxia. To this aim, both cell lines were incubated for
6 h in a hypoxia chamber and then were analyzed by using an
ELISA-based assay for HIF-1 nuclear form.
In both cell lines, we observed a dramatic increase in the
transcriptional activity of HIF-1α induced by hypoxia. In U251
cells, all single and combined treatments were able to significantly
reduce HIF-1α activity, also in hypoxia (Figure 1A). Otherwise,
in T98 TMZ-resistant cells, only COMBO significantly reduced
the activity of HIF-1α compared to controls (Figure 1B).
However, in both cell lines, neither single or COMBO treatment
was able to restore HIF- 1α activity to the levels observed during
normoxia. The functional effect on HIF-1α modulation was
shown by the results obtained on VEGF, a key target gene of
HIF-1α (Figures 1C,D).
In order to evaluate the role of hypoxia on treatment effect, we
assessed cell viability in both cell lines in absence or presence of
TMZ, MET or COMBO by trypan blue exclusion test.
In U251 cells, both TMZ and COMBO significantly reduced
the number of cells starting from 24 h of treatment (Figure 1E).
Otherwise, in hypoxic condition, COMBO but not MET reduced
viability of T98 cells starting at 48 h. To observe a significant effect
of MET, 72 h needed (Figure 1F).
As regard to apoptotic genes, whereas hypoxia in U251 cells
increased both pro- and anti-apoptotic genes, TMZ and COMBO
promoted a balance between the up-regulation of pro-apoptotic
genes, particularly Bax in COMBO and the down-regulation
of the anti-apoptotic gene Bcl-2 (Figure 1G). In T98 cells,
COMBO was the only treatment able to significantly increase
pro-apoptotic genes and reduce the anti-apoptotic Bcl-2 gene
(Figure 1H). However, the net effect was similar to that exerted
by 25µM TMZ. None of the drugs modified Caspase 3 levels in
both cell lines (Supplementary Figure 1).
MET, TMZ, and COMBO Differently
Modulate Markers Associated With GBM
Malignancy During Hypoxia
To better understand the role of hypoxia on different cell markers
of malignancy, the effect of 10mM MET, 25µM TMZ and
COMBO on the relative abundance of CD133, CD90, CD44,
and CD73 positive cells was evaluated during hypoxic condition.
We previously demonstrated (12) that 10mM MET alone and
COMBO counteracted CD133 expression in U251 cells. Here,
during the hypoxic condition, we observed a dramatic increase
of CD133, CD90, and CD73. Only COMBO reduced the hypoxia-
dependent increase in CD133, CD90, and CD73. On the contrary,
when TMZ and MET were administered alone effects were
marker dependent, being the first active on both CD90 and
CD73 and the last only on CD133 (Figure 2A). Thus, COMBO
treatment is suitable to potentiate the effects observed with TMZ
treatment on all subpopulation of cells.
For what concerns T98 resistant cells, we confirmed that also
in hypoxia the mechanism to overcome resistance could not be
attributable to CD133 modulation. Contrary to what observed
for normoxia condition, where TMZ produced an enrichment of
CD90 labeled cells (12), during hypoxic condition we observed
a TMZ induced reduction of this marker (Figure 2B). Despite
the pronounced increase induced by MET, COMBO effects were
similar to those observed for TMZ (Figure 2B). For both cell
lines, we observed no or only slight effects on CD44 marker.
In addition, Real time-PCR (Supplementary Figure 2)
confirmed that CD133 production was affected only in U251 in
presence of MET, data that correlated with the CD133 expression
on the membrane. Taken together, results on cell markers
indicate that during hypoxia COMBO but not TMZ or MET
alone, reduced the increase of selected cell populations, an effect
that was not observed in T98 cells.
In T98 Cells, BEZ235 Potentiates the
Inhibitory Effect of COMBO on the
Hypoxia-Independent Activation of HIF-1α:
an Effect That Involves the
PI3K/AKT/mTOR Pathway
We previously showed that TMZ dramatically reduced HIF-
1α levels also during normoxic condition (18). Moreover, we
observed that the effect of TMZ was similar to that obtained with
BEZ235 for 48 h (18), a PI3K/AKT/mTOR modulator known to
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FIGURE 1 | HIF-1α activity modulation and consequences on the apoptotic pattern. ELISA-based HIF-1α activity quantification after 48 h of 25µM TMZ, 10mM MET,
or COMBO treatment under normoxic and hypoxic conditions in U251 (A) and T98 (B) cells. The data are expressed as absorbance at 450 nm. *p < 0.05, ***p <
0.001 vs. control under normoxic conditions; #p < 0.05, ##p < 0.001 vs. control under hypoxic conditions. The evaluation of HIF-1 target gene, VEGF, was
performed by the ELISA of the VEGF released by U251 (C) and T98 (D) glioma cells in cell medium after 25µM TMZ, 10mM MET or COMBO treatment. *p < 0.05,
***p < 0.001 vs. control under normoxic conditions; #p < 0.05, ##p < 0.001 vs. control under hypoxic conditions. Evaluation of time-response viability of responsive
and resistant cells after TMZ or COMBO. Cell viability was assessed by means of a Trypan blue exclusion test and expressed as the percentage of viable cells after 24,
(Continued)
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FIGURE 1 | 48, or 72 h of treatment under hypoxic condition in U251 (E) and T98 (F) cells. **p < 0.01; ***p < 0.001 vs. control cells. The induction of pro-apoptotic
(Bad and Bax) and anti-apoptotic genes (Bcl-2) was analyzed by means of real-time PCR in glioma cells treated with TMZ under hypoxic condition (G,H). The data
were normalized to β-actin, and the 11ct values were expressed as the ratio between the mean values in the responsive and resistant cells [Fold of Induction (FOI)].
*p < 0.05; ***p < 0.001 treated vs. control cells. Mean values ± SD of three independent experiments.
FIGURE 2 | Modulation of key markers of malignancy after treatment. FACS
analysis for CD133, CD90, CD44, and CD73 markers in U251 (A) and T98 (B)
cells after 48 h of treatment with 25µM TMZ and/or of 10mM MET under
hypoxia. Data were expressed as the percentage of positive cells on the
number of total cells. Data are shown as the mean ± standard deviation. *p <
0.05; **p < 0.01; ***p < 0.001 vs. control sample (in normoxia).
regulate HIF-1α levels in a hypoxic independent manner. In this
work, we further investigated the effect of 25µM TMZ given
alone or in combination with 10mM MET on the hypoxia-
independent activation of HIF-1α levels in both responsive
U251 and resistant T98 cells. Furthermore, in order to better
understand the role of AKT modulation on HIF-1α regulation
and treatment efficacy, drug’s effects were compared with those
of 1µM BEZ235, given alone or in association with TMZ, MET
or COMBO for 48 h. To this aim, a powerful strategy based on
a luciferase reporter tool under the control of HRE sequences
was used.
In U251 cells, MET, TMZ, or COMBO significantly down-
regulated HIF-1α (Figure 3A). In these cells, MET, COMBO, or
BEZ235 reduced HIF-1α activity, more than TMZ (Figure 3A).
No add-on effect was observed when BEZ235 was associated with
MET and COMBO.
In T98 cells, TMZ given alone increased HIF-1α activity.
On the contrary, the association with MET reverted this effect
producing a reduction of HIF-1α activity (Figure 3B). In these
cells, the highest effect on HIF-1α activity was obtained when
MET was associated with BEZ235 alone or plus TMZ. BEZ235
given alone or in association with TMZ reduced HIF-1α activity
but to a lower extent (Figure 3B).
In order to understand if the modification on HIF-1α
activity was associated with alterations in AKT activation
and/or oxygenation state, we assessed the effect of TMZ, MET,
and COMBO on AKT phosphorylation, during normoxic and
hypoxic conditions. In the same experimental task, the effect of
BEZ235 given alone or in combination was also evaluated.
Cell oxygenation state only minimally influenced drug effects
on AKT phosphorylation. BEZ235 given alone or in association
produced the highest inhibition of AKT phosphorylation in both
cell lines (Figure 4). MET or COMBO reduced AKT activation
only in U251 but the reduction observed was lower than the
one exerted by BEZ235 alone (Figures 4A,B). Finally, no effect
on AKT activation was observed with TMZ (Figures 4A–D).
These results confirm that BEZ235 effect on AKT activation
is independent on hypoxia and that COMBO modulates AKT
activity only in U251 cells.
Block of PI3K/AKT/mTOR Axis Potentiates
the Effect of COMBO Particularly During
Hypoxic Condition
After, we investigated the role of the PI3K/AKT/mTOR
pathway on cell viability and apoptotic profile during
normoxic and hypoxic conditions. We previously showed
that hypoxia reduced the effect of 10mM MET in T98
cells but not that of COMBO (Figure 1). In both cell
lines, after 48 h treatment, 1µM BEZ235 increased the
effect of COMBO independently from the oxygenation
state. BEZ235 alone reduced the viability of U251 but
not that of T98 cells and only during hypoxic conditions
(Figures 5A,B), suggesting that the block of AKT
phosphorylation is not sufficient to reduce cell viability
during the normoxic condition.
Finally, we evaluated the effect of 1µM BEZ235 on apoptotic
genes in normoxia and hypoxia. In U251 cells, BEZ235 in
association with MET or COMBO promoted pro-apoptotic
genes (Bax, Bad) with a significant down-regulation of anti-
apoptotic Bcl-2 gene, also in hypoxic condition (Figure 5C).
BEZ235 alone produced only a slight reduction in Bcl-2
during normoxia indicating that BEZ requires a reduction
of oxygen to modify Bcl-2 levels. In T98 cells, BEZ235
associated with TMZ, MET or COMBO reverted the hypoxic
Frontiers in Oncology | www.frontiersin.org 5 May 2019 | Volume 9 | Article 463
Lo Dico et al. Metformin and AKT Role in Hypoxia TMZ-Resistance
FIGURE 3 | BEZ235 effect on HIF-1α activity modulation. HIF-dependent luciferase activity was analyzed in cell lysates and expressed as the percentage variation in
Relative Luminescence Units (RLUs) in U251 TMZ-responsive (A) and T98 TMZ-resistant cells (B) after 25µM TMZ, 10mM MET, COMBO and/or 1µM BEZ235 in
combination with all the drugs for 48 h. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control cells.
FIGURE 4 | pAKT modulation by single and combined treatments. pAKT (Ser473) levels were assessed by mean ELISA assay and expressed as units/ml in normoxia
(A,C) and hypoxia (B,D) in U251 (A,B) and T98 (C,D) cells after 25µM TMZ, 10mM MET, COMBO and/or 1µM BEZ235 in combination with all the drugs for 48 h. *p
< 0.05; **p < 0.01; ***p < 0.001 treated vs. control cells. Mean values ± SD of three independent experiments.
profile restoring a “sensitive-like” pattern of apoptotic genes
(Figure 5D) reaching levels higher than those observed after
COMBO or TMZ alone (Figure 1H). Again, in agreement
with the results obtained from cell viability, this effect was
not observed when BEZ235 was given alone. Taken together
these results indicate that targeting PI3K/AKT/mTOR pathway
increases cell mortality during hypoxia condition also in
the TMZ-resistant cell model, but only when associated
with COMBO as confirmed also by the increased Caspase-
3 activation in COMBO plus BEZ235- treated samples
(Supplementary Figure 1). However, particularly during
normoxia, the effect of BEZ235 alone is not sufficient to modify
tumor cell viability.
DISCUSSION
In this work, first we investigated the effect of MET as a TMZ-
adjuvant agent in hypoxia in GBM cell lines. In our previous
paper, MET showed significant efficacy in the overcoming TMZ-
resistance in a glioma model both in vitro during normoxic
conditions and in vivo (12).
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FIGURE 5 | BEZ235 supports COMBO in the modulation of cell viability. Cell viability of responsive and resistant cells after 25µM TMZ, 10mM MET, COMBO and/or
1µM BEZ235 in combination with all the drugs. Cell viability was assessed by means of a Trypan blue exclusion test and expressed as the percentage of viable cells
after 48 h of treatment under normoxic or hypoxic conditions in U251 (A) and T98 (B) cells. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control cells (i.e., untreated cells.
For normoxia, control cells are represented by untreated cells in normoxia and the same normalization was used for experiments in hypoxia). The induction of
pro-apoptotic (Bad and Bax) and anti-apoptotic genes (Bcl-2) was analyzed by means of real-time PCR in glioma cells treated with 25µM TMZ, 10mM MET, COMBO
and/or 1µM BEZ235 in combination with all the drugs for 48 h under normoxic or hypoxic conditions in U251 (C) and T98 (D) cells. The data were normalized to
β-actin and the 11ct values were expressed as the ratio between the mean values in the responsive and resistant cells [Fold Of Induction (FOI)]. *p < 0.05; ***p <
0.001 treated vs. control cells. Mean values ± SD of three independent experiments.
The aim of this study was to evaluate MET efficacy also
in hypoxia, a condition that worsens cell phenotype. This
involves hypoxia-inducible factors, stem population, negative
modulation of apoptotic axis and molecular pathways
related to the regulation of cell metabolism including
PI3K/AKT/mTOR pathway.
One of the anticancer effects of MET is based on
modifications of the balance between AMPK activation and
mTOR inhibition, which leads to the negative modulation
of HIF-1α (20). Moreover, in a previous study, we showed
that a significant reduction in HIF-1α activity preceded
a response to TMZ treatment in GBM cells (18), a fact
that led us to further explore this effect also during
combined treatments.
Here, we observed that hypoxia worsened cell phenotype,
increasing HIF-1α levels, anti-apoptotic Bcl-2, and markers of
malignancy, like CD133 and CD90, this last particularly in T98.
We first studied the effect of single and combined treatment
on HIF-1α activity in GBM cells. Our results showed that
COMBO was able to reduce HIF-1α activity not only in U251-
responsive cells but also in T98 TMZ-resistant cells. Both MET
and TMZ act on AMPK (9) thus modulating HIF-1α activity and,
as shown by cell viability, COMBO administration reverted the
resistant-like pattern of T98, also in hypoxia (Figure 1). However,
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differently to what observed in U251, in T98, the increased
efficacy of COMBO in comparison to TMZ cannot be related to
the modulation of apoptotic genes.
Among other processes that can be associated to an AMPK-
dependent positive modulation of Forkhead box O3 (FOXO3)
and a negative modulation of mTOR/AKT (13), MET may
specifically act on tumor-initiating GSC cells. However, a recent
study showed that in tumors with constitutive activation of
AMPK, the anti-proliferative effect of MET on GSCs is probably
independent of AMPK (21).
Since hypoxia and HIF-1α are known to be involved in
promoting the self-renewal capacity of CD133 (22) -and CD90
positive cells, to understand the effect of MET on glioma markers
of malignancy, U251 and T98 cells were analyzed in hypoxic
condition for the expression of thesemarkers together with CD73
and CD44. Herein we demonstrated that COMBO was able to
counteract the hypoxia-induced increase of CD133, CD90, and
CD73 in TMZ-responsive cells but only that of CD90 and CD73
markers in TMZ-resistant cells, confirming the results obtained
previously in normoxia (12). However, during hypoxic condition,
the effect of COMBO was close to that of TMZ. This result
provides evidence that, during hypoxia, MET potentiates the
effect of TMZ only in U251 cells (Figure 2).
Furthermore, it has been recently discussed thatMETwas able
to block proliferation on glioma tumor-initiating cells through
the inhibition of the AKT-mTOR pathway (21). It has been
also described that AKT can be activated by TMZ and the
overexpression of its active form is positively correlated to GBM
cell resistance to TMZ. Conversely, the block of AKT-mTOR
pathway promotes TMZ responsiveness (23). AKT-mTOR block
is of particular interest in GBM since more than 40% of lesions
shows an activated pathway thanks to the loss of function or
reduced expression of the PTEN gene. Recent evidence suggested
that AMPK and AKT display antagonistic roles under metabolic
stress (24), such as in a hypoxic condition.
In addition to their mutual regulation based on specific
phosphorylation, AMPK and AKT have at least two common
targets: mTOR and FOXO. Indeed, whereas AMPK blocks mTOR
and activates FOXO, AKT is involved on the contrary process.
Thus, MET, by activating AMPK, inactivates AKT through its
dephosphorylation at Ser-473 and Thr-308 thus impairing HIF-
1α activity (24).
For these reasons, the effect of the block of AKT activation
has been herein explored by using a dual PI3K/AKT and mTOR
inhibitor, BEZ235 given alone or in combination with AMPK
modulators. The anticancer effect of this drug has been evaluated
in preclinical studies (25, 26), and recently in phase 1 clinical
trial for advanced solid tumors (colorectal, breast, non-small cell
lung carcinoma, renal, and sarcoma) (27). Dual PI3K-mTOR
inhibitors are particularly effective in blocking AKT activation
because they prevent the feedback activation of PI3K signaling
normally observed with mTORC1 inhibitors (28).
We firstly investigated the effect of BEZ235, MET, and TMZ
on hypoxia independent HIF-1α modulation when given alone
or in combination. Then, we studied the specific involvement of
the PI3K/AKT pathway by analyzing the phosphorylation form
of AKT in normoxia and hypoxia. TMZ, MET, and COMBO
reduced HIF-1α but only in U251 cells. In T98, only COMBO
was able to reduce HIF-1α although its effect was modest,
whereas TMZ administration increased its levels (Figure 4). As
expected, BEZ235 significantly reduced HIF-1α activity both
in TMZ-sensitive and -resistant cells, with a stronger effect
when combined with MET or COMBO and prevented the
increase induced by TMZ in T98 (Figures 3A,B). Partially in
line with these data, TMZ failed to reduce AKT phosphorylation
independently from cell line or condition. MET and COMBO
displayed some effects but only in TMZ responsive U251 cells.
BEZ235 given alone or in combination with MET or COMBO
displayed the highest inhibition of AKT phosphorylation.
Hypoxia-independent inhibition of HIF-1α and AKT
phosphorylation exerted by BEZ235 were not associated with
the modification of the viability of both cell lines. On the
contrary, PI3K/mTOR inhibition reduced cell viability of U251
but not that of T98 during hypoxic condition. These results
are in line with the apoptotic profile: BEZ235 was able to
reduce Bcl-2 level only during hypoxic condition and in U251
cells. This last effect is reasonability related to the block of
the hypoxia-dependent activation of AKT pathway or to a
direct effect on mTOR. Interestingly, a recent study showed
that the inhibition of hypoxia-dependent mitochondrial AKT
activation pathway was followed by an increase of cell apoptosis
and reduction of cell viability (29). This is not the case of T98
cells, where BEZ235 was not able to produce any effect on
cell viability and apoptosis also during hypoxic conditions.
Indeed, in TMZ resistant cells, reduction of cell viability was
observed only after COMBO administered alone or combined
to BEZ235 (Figure 5B). On the other hand, in this cell line,
BEZ235 associated with MET, TMZ, and particularly with
COMBO promoted a significant down-regulation of Bcl-2
anti-apoptotic gene and an up-regulation of Bax and Bad genes,
independently from oxygenation state. These results suggested
that the cooperation between the drugs could help the cells
to modulate the apoptotic switch through a double targeting
of mTOR (AMPK and PI3K/mTOR) resulting finally in the
reduction of cell viability and in the negative modulation of
HIF-1α activity.
Another potential player of MET activity is JNK/p38 MAPK,
a stress-activated kinase involved in the regulation of apoptosis
(30). Indeed, it has been recently suggested that p38 is a
direct target of MET, involved in the activation of p53 pathway
and finally in the Bax-mediated promotion of apoptosis (31).
Moreover, modulation of p38 pathway modifies the sensitivity
of cells to methylating agents, such as TMZ (32) (O6mG lesions
and their processing by the MMR system were critical for
p38α activation).
In conclusion, results obtained herein suggest that MET is
able to revert TMZ-resistance also in hypoxia, and its effect
involves the modulation of HIF-1α activity, at least in in vitro
settings. In U251 TMZ-responsive cells, the association with
MET increases the effect on markers of malignancy further
addressing the relevance of COMBO. Finally, the promotion of
a pro-apoptotic phenotype induced by BEZ235 when is added
to COMBO in T98 cells, set the basis to further investigate
in vivo, in preclinical orthotopic models, a triple therapy
Frontiers in Oncology | www.frontiersin.org 8 May 2019 | Volume 9 | Article 463
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approach based on the administration of COMBO plus double
PI3K/mTOR inhibitor.
AUTHOR CONTRIBUTIONS
AL and SV: data generation, collection, analysis and
interpretation, and manuscript drafting. LO and RM:
study conception and design, and critical review of the
manuscript. All the authors approved the final version of
the manuscript.
FUNDING
This work was supported by Associazione Italiana Ricerca sul
Cancro (AIRC), project number IG15771 (to RM). This study
was supported in part by the FP7-funded INSERT project
(HEALTH-2012- INNOVATION-1, GA305311). Project title:
Development of an integrated SPECT/MRI system for enhanced
stratification of brain tumour patients prior to patient-specific
radio-chemotherapy and early assessment of treatment efficacy.
ACKNOWLEDGMENTS
The authors would like to thank Dr. G. Melillo for providing the
HRE-luciferase reporter plasmid.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.00463/full#supplementary-material
REFERENCES
1. Stupp R, MasonWP, van den Bent MJ, Weller M, Fisher B, TaphoornMJ, et al.
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N Engl J Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330
2. Bensaad K, Harris AL. Hypoxia and metabolism in cancer. Adv Exp Med Biol.
(2014) 772:1–39. doi: 10.1007/978-1-4614-5915-6_1
3. Monteiro AR, Hill R, Pilkington GJ, Madureira PA. The role of hypoxia in
glioblastoma invasion. Cells. (2017) 6:45. doi: 10.3390/cells6040045
4. Seidel S, Garvalov BK, Wirta V, von Stechow L, Schanzer A, Meletis K, et al.
A hypoxic niche regulates glioblastoma stem cells through hypoxia inducible
factor 2 alpha. Brain. (2010) 133(Pt 4):983–95. doi: 10.1093/brain/awq042
5. Huang WJ, Chen WW, Zhang X. Glioblastoma multiforme: effect of hypoxia
and hypoxia inducible factors on therapeutic approaches. Oncol Lett. (2016)
12:2283–8. doi: 10.3892/ol.2016.4952
6. Li P, Zhou C, Xu L, Xiao H. Hypoxia enhances stemness of cancer stem
cells in glioblastoma: an in vitro study. Int J Med Sci. (2013) 10:399–407.
doi: 10.7150/ijms.5407
7. Krakstad C, Chekenya M. Survival signalling and apoptosis resistance in
glioblastomas: opportunities for targeted therapeutics. Mol Cancer. (2010)
9:135. doi: 10.1186/1476-4598-9-135
8. Pore N, Jiang Z, Shu HK, Bernhard E, Kao GD, Maity A. Akt1 activation can
augment hypoxia-inducible factor-1alpha expression by increasing protein
translation through a mammalian target of rapamycin-independent pathway.
Mol Cancer Res. (2006) 4:471–9. doi: 10.1158/1541-7786.MCR-05-0234
9. Lee JE, Lim JH, Hong YK, Yang SH. High-dose metformin plus temozolomide
shows increased anti-tumor effects in glioblastoma in vitro and in
vivo compared with monotherapy. Cancer Res Treat. (2018) 50:1331–42.
doi: 10.4143/crt.2017.466
10. Yang SH, Li S, Lu G, Xue H, Kim DH, Zhu JJ, et al. Metformin treatment
reduces temozolomide resistance of glioblastoma cells. Oncotarget. (2016)
7:78787–803. doi: 10.18632/oncotarget.12859
11. Zhang WB, Wang Z, Shu F, Jin YH, Liu HY, Wang QJ, et al. Activation of
AMP-activated protein kinase by temozolomide contributes to apoptosis in
glioblastoma cells via p53 activation and mTORC1 inhibition. J Biol Chem.
(2010) 285:40461–71. doi: 10.1074/jbc.M110.164046
12. Valtorta S, Lo Dico A, Raccagni I, Gaglio D, Belloli S, Politi LS, et al.
Metformin and temozolomide, a synergic option to overcome resistance
in glioblastoma multiforme models. Oncotarget. (2017) 8:113090–104.
doi: 10.18632/oncotarget.23028
13. Sato A, Sunayama J, Okada M,Watanabe E, Seino S, Shibuya K, et al. Glioma-
initiating cell elimination bymetformin activation of FOXO3 via AMPK. Stem
Cells Transl Med. (2012) 1:811–24. doi: 10.5966/sctm.2012-0058
14. Molina JR, Hayashi Y, Stephens C, GeorgescuMM. Invasive glioblastoma cells
acquire stemness and increased Akt activation. Neoplasia. (2010) 12:453–63.
doi: 10.1593/neo.10126
15. Mizoguchi M, Nutt CL, Mohapatra G, Louis DN. Genetic alterations of
phosphoinositide 3-kinase subunit genes in human glioblastomas. Brain
Pathol. (2004) 14:372–7. doi: 10.1111/j.1750-3639.2004.tb00080.x
16. Mukherjee B, Tomimatsu N, Amancherla K, Camacho CV, Pichamoorthy N,
Burma S. The dual PI3K/mTOR inhibitor NVP-BEZ235 is a potent inhibitor of
ATM- and DNA-PKCs-mediated DNA damage responses. Neoplasia. (2012)
14:34–43. doi: 10.1593/neo.111512
17. Yu Z, Xie G, Zhou G, Cheng Y, Zhang G, Yao G, et al. NVP-BEZ235, a
novel dual PI3K-mTOR inhibitor displays anti-glioma activity and reduces
chemoresistance to temozolomide in human glioma cells. Cancer Lett. (2015)
367:58–68. doi: 10.1016/j.canlet.2015.07.007
18. Lo Dico A, Martelli C, Valtorta S, Raccagni I, Diceglie C, Belloli S, et al.
Identification of imaging biomarkers for the assessment of tumour response
to different treatments in a preclinical glioma model. Eur J Nucl Med Mol
Imaging. (2015) 42:1093–105. doi: 10.1007/s00259-015-3040-7
19. Lo Dico A, Valtorta S, Martelli C, Belloli S, Gianelli U, Tosi D, et al.
Validation of an engineered cell model for in vitro and in vivo HIF-1alpha
evaluation by different imaging modalities. Mol Imaging Biol. (2014) 16:210–
23. doi: 10.1007/s11307-013-0669-0
20. Liu X, Chhipa RR, Pooya S, Wortman M, Yachyshin S, Chow LM, et
al. Discrete mechanisms of mTOR and cell cycle regulation by AMPK
agonists independent of AMPK. Proc Natl Acad Sci USA. (2014) 111:E435–44.
doi: 10.1073/pnas.1311121111
21. Wurth R, Pattarozzi A, Gatti M, Bajetto A, Corsaro A, Parodi A, et
al. Metformin selectively affects human glioblastoma tumor-initiating cell
viability: a role for metformin-induced inhibition of Akt. Cell Cycle. (2013)
12:145–56. doi: 10.4161/cc.23050
22. Soeda A, Park M, Lee D, Mintz A, Androutsellis-Theotokis A, McKay
RD, et al. Hypoxia promotes expansion of the CD133-positive glioma
stem cells through activation of HIF-1alpha. Oncogene. (2009) 28:3949–59.
doi: 10.1038/onc.2009.252
23. Hirose Y, Katayama M, Mirzoeva OK, Berger MS, Pieper RO. Akt activation
suppresses Chk2-mediated, methylating agent-induced G2 arrest and protects
from temozolomide-induced mitotic catastrophe and cellular senescence.
Cancer Res. (2005) 65:4861–9. doi: 10.1158/0008-5472.CAN-04-2633
24. Zhao Y, Hu X, Liu Y, Dong S, Wen Z, He W, et al. ROS signaling under
metabolic stress: cross-talk between AMPK and AKT pathway. Mol Cancer.
(2017) 16:79. doi: 10.1186/s12943-017-0648-1
25. Liu TJ, Koul D, LaFortune T, Tiao N, Shen RJ, Maira SM, et al. NVP-BEZ235,
a novel dual phosphatidylinositol 3-kinase/mammalian target of rapamycin
inhibitor, elicits multifaceted antitumor activities in human gliomas. Mol
Cancer Ther. (2009) 8:2204–10. doi: 10.1158/1535-7163.MCT-09-0160
26. Brachmann SM,Hofmann I, Schnell C, Fritsch C,Wee S, LaneH, et al. Specific
apoptosis induction by the dual PI3K/mTor inhibitor NVP-BEZ235 in HER2
amplified and PIK3CA mutant breast cancer cells. Proc Natl Acad Sci USA.
(2009) 106:22299–304. doi: 10.1073/pnas.0905152106
Frontiers in Oncology | www.frontiersin.org 9 May 2019 | Volume 9 | Article 463
Lo Dico et al. Metformin and AKT Role in Hypoxia TMZ-Resistance
27. Garcia-Echeverria C, Sellers WR. Drug discovery approaches targeting
the PI3K/Akt pathway in cancer. Oncogene. (2008) 27:5511–26.
doi: 10.1038/onc.2008.246
28. Fiskus W, Verstovsek S, Manshouri T, Smith JE, Peth K, Abhyankar S,
et al. Dual PI3K/AKT/mTOR inhibitor BEZ235 synergistically enhances
the activity of JAK2 inhibitor against cultured and primary human
myeloproliferative neoplasm cells. Mol Cancer Ther. (2013) 12:577–88.
doi: 10.1158/1535-7163.MCT-12-0862
29. Chae YC, Vaira V, Caino MC, Tang HY, Seo JH, Kossenkov AV, et al.
Mitochondrial Akt regulation of hypoxic tumor reprogramming. Cancer Cell.
(2016) 30:257–72. doi: 10.1016/j.ccell.2016.07.004
30. Zhu J, Zheng Y, Zhang H, Sun H. Targeting cancer cell metabolism: the
combination of metformin and 2-Deoxyglucose regulates apoptosis in ovarian
cancer cells via p38 MAPK/JNK signaling pathway. Am J Transl Res.
(2016) 8:4812–21.
31. Lei Y, Yi Y, Liu Y, Liu X, Keller ET, Qian CN, et al. Metformin
targets multiple signaling pathways in cancer. Chin J Cancer. (2017) 36:17.
doi: 10.1186/s40880-017-0184-9
32. Hirose Y, Katayama M, Stokoe D, Haas-Kogan DA, Berger MS,
Pieper RO. The p38 mitogen-activated protein kinase pathway
links the DNA mismatch repair system to the G2 checkpoint
and to resistance to chemotherapeutic DNA-methylating agents.
Mol Cell Biol. (2003) 23:8306–15. doi: 10.1128/MCB.23.22.8306-
8315.2003
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Lo Dico, Valtorta, Ottobrini and Moresco. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Oncology | www.frontiersin.org 10 May 2019 | Volume 9 | Article 463
